I n addition to its remarkable supernova signature 1, 2 , the ȍ-ray burst of 29 March 2003 (GRB030329) had two interesting peculiarities: an unusually low-energy output in ȍ-rays and a large bump in its afterglow light curve after 1-2 days (followed by several less significant rebrightening episodes). We suggest that refreshed shocks -slow shells ejected from the source that catch up with the afterglow shock a relatively long time after the initial burst -produced the observed fluctuations in the early afterglow light curve and explain the low-energy output at early times.
The ȍ-ray emission in GRBs is thought to arise from internal shocks within a relativistic outflow from a compact source, which occur as different 'shells' within the outflow collide with each other (Fig. 1) . At a greater distance, R, from the source, the ejecta decelerates as it drives a strong shock into the surrounding medium,producing the subsequent afterglow.
The achromatic increase in steepness of the optical light curve of GRB030329, from t ǁȊ , where t is the time measured from the burst, with ȊǃȊ 1 ǃ0.873Ǆ0.025 at t<t j Ǉ40.481Ǆ0.333 days to ȊǃȊ 2 ǃ1.97Ǆ0.12 at t>t j (ref. 3) ,resembled jet breaks seen in other GRBs. The inferred opening angle implies a prompt ȍ-ray energy output, E ȍ , and X-ray luminosity at 10 h, L X , that are factors of roughly 20 and 30, respectively, below the average values around which most GRBs are narrowly clustered 3 . A well-monitored rebrightening with an amplitude fǇ2 is evident at tǇ1.3-1.7 days (Fig. 1) , with a duration ǵtǇt j <t. After the bump, the slope returns to ȊǇȊ 2 . Three additional, less significant bumps with similar features follow.
Angular smoothing generally suggests that light-curve variations should have ǵtኑt. However, here ǵt<t. External density variations and patchy shells,which have been proposed to explain other variable afterglows,do not work here.The former requires an unrealistic external density; the latter fails because in GRB030329 the bumps occur after t j , when the entire jet is visible.
Refreshed shocks (Fig. 1 ) arise when slow shells catch up with the afterglow shock at late times [4] [5] [6] .Each collision causes a rebrightening in the afterglow light curve. After the rebrightening, the afterglow resumes its original decay slope. The stepwise shape of the light curve for GRB030329, where the same slope, Ȋ 2 , is regained after each bump, is a clear signature of refreshed shocks. of Shackleton 4 , are not observed within the crater floors visible to the Arecibo system. Any ice in these regions must be in the form of disseminated grains or thin (centimetres or less) interbedded layers, which could satisfy the Lunar Prospector results without strong radar backscatter enhancement.
This type of ice deposit, if present, would be considerably different from the thick, coherent layers observed in shadowed craters on Mercury 7, 8 . Such 'sparse' filling of the lunar cold-traps relative to Mercury could arise as a result of a lower average delivery rate of comets to the Moon, fortuitous recent comet impacts on Mercury, or a more rapid loss of ice on the lunar surface. The collisions also inject energy into the afterglow shock.An energy increase of factor f increases the flux normalization by a factor fǃf (3+p)/4 for ȗ m <ȗ<ȗ c , and fǃf (2+p)/4 for ȗ>ȗ m ,ȗ c , where p is the electron power-law index and ȗ c (ȗ m ) is the cooling (typical) frequency. For GRB030329, pǇ2 and ȗ c (t j ) is around the optical 3 ,so f is roughly linear in f. The observed fǇ10 (Fig. 1) implies fǇ10 , which brings the total energy close to the average value for all GRBs.
The original refreshed-shocks scenario 5 predicts ǵtǇt. However, this assumes that refreshed shocks occur before t j , whereas in GRB030329 they took place after t j .As the later shells move in the wake of the forward shock, they remain cold and do not expand sideways. If all the shells have the same initial half-opening angle,Ȓ j ,the duration of the rebrightening events will be ǵtǇRȒ j
, where bǃ1/4 (bǇ0) if the lateral spreading of the jet is negligible (at the local sound speed). This allows ǵt<tǇR/2ȍ 2 c. Also, the width of the rear shell must be smaller than cǵt.
Numerical simulations suggest rather modest lateral spreading 7 , implying bǇ1/4. This is consistent with ǵtǇt j for the first bump (and with ǵtǇt j ,t j ,2t j for the later bumps).The energy increase after each refreshed shock causes a more rapid consequent increase in R; the overall effect, however, is a factor አ2. The timing of the first bump suggests a Lorentz factor of about 6 for the slower shell.
Refreshed shocks can explain both the variability and the anomalously low values inferred for E ȍ and L X . A direct prediction of this interpretation is that there will be significant radio flares that correspond to the G amma rays from the ȍ-ray burst (GRB) 021206 have been reported to be strongly linearly polarized 1 , with the estimated degree of polarization (80Ǆ20%) being close to the absolute maximum of 100% -affording us the opportunity to constrain models of quantum gravity, which has had 10 10 years to act on the photons as they travelled towards us. Here I show that if the effects of quantum gravity are linearly proportional to the ratio of the photon energy to the characteristic scale energy of quantum gravity, then the polarization of photons with energies of about 0.1 MeV should be completely random, contrary to what is observed. I conclude that, should the polarization measurement be confirmed, quantum gravity effects act with a power that is greater than linearity, or that loop quantum gravity is not viable. Compared with previous methods and results (see ref.
2, for example), testing of the linear polarization of cosmic ȍ-ray bursts may substantially extend the observational window on the theory of quantum gravity.
GRBs are characterized by a highly variable flux of high-energy photons that propagate over cosmological distances. It has been suggested 3 that they are the best candles in cosmological space, allowing us either to study or to constrain the effects of quantum gravity. These effects are known 3, 4 to be proportional to the ratio (E/E QG ) n of the photon energy, E, to the Planck energy, E QG Ǉ10
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GeV, and to the distance, D, of the photon's propagation. The linear case (nǃ1) is the best studied 3, 4 , but the quadratic case (nǃ2) has also recently been considered (see preprint at http://xxx.lanl.gov/PS_cache/ gr-qc/pdf/0305/0305057.pdf). For nǃ1, the effect of the energy-dependent refraction of photons in quantum space-time should lead to a measurable difference in arrival time (of the order of milliseconds) for photons with different energies 2 . The linear polarization of ȍ-rays from GRB 021206 allows us to test another possible effect of quantum space-time, which is predicted for canonical quantum gravity in loop representation. In this case, space-time exhibits the property of birefringence 4 : two photons with opposite states of helicity, +1 and ǁ1, have different group velocities
The factor ȡ is about 1 for loop representation of quantum gravity 3 . A linearly polarized electromagnetic wave may be represented as the superposition of two monochromatic waves with opposite circular polarizations. When a linearly polarized wave propagates inside the substance with birefringence, the plane of polarization rotates along the path because of the difference in group velocity between the two circular components.
For the linear case nǃ1, the phase angle, ᒌ 1 , of a plane of linear polarization changes along a distance D (in light years) as
This angle depends on the photon energy as E
2
. Linear polarization measured within a broad energy range should vanish, provided that the difference in accumulated angles is large for photons with different energies. Two photons with energies of around 0.1 MeV and with a difference of energy of about 0.01% will therefore accumulate a difference of ȎᒌǇȡ in polarization phase angle after a year of propagation in space with birefringence (see equation (2)).
For cosmological GRBs,which have a travel distance of DǇ10 10 light years, the planes of linear polarization of photons with different energies should be totally randomized. The bulk linear polarization of photons with energies greater than 0.01 eV over a broad energy range must become zero even if they were all originally 100% polarized in a single plane.
In the quadratic case of quantum spacetime birefringence with nǃ2, the rotation of a plane of linear polarization is rather small for photons with energy of around 0.1 MeV 
However, the distance DǇ10 10 light years is so large that even the quadratic case of birefrigence could be tested by polarization measurements of photons with energies greater than 100 MeV. The detection 5 of a high-energy component of GRB941017 (energies up to 200 MeV), which dominates the total fluence of the event, suggests that quadratic space-time birefringence could be tested experimentally in the future by polarimetry of such GRBs.
I therefore conclude that either the birefringence of quantum space-time with nǃ1 should be below the level of ȡ>10 ǁ14 , or it should be quadratic (nǃ2), assuming that the strong linear polarization of GRBs is confirmed by a second measurement. 
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